Dehydration responsive element binding (DREB) factors or CRT element binding factors (CBFs) are members of the AP2/ERF family, which comprises a large number of stress-responsive regulatory genes. This review traverses almost two decades of research, from the discovery of DREB/CBF factors to their optimization for application in plant biotechnology. In this review, we describe (i) the discovery, classification, structure, and evolution of DREB genes and proteins; (ii) induction of DREB genes by abiotic stresses and involvement of their products in stress responses; (iii) protein structure and DNA binding selectivity of different groups of DREB proteins; (iv) post-transcriptional and posttranslational mechanisms of DREB transcription factor (TF) regulation; and (v) physical and/or functional interaction of DREB TFs with other proteins during plant stress responses. We also discuss existing issues in applications of DREB TFs for engineering of enhanced stress tolerance and improved performance under stress of transgenic crop plants.
Introduction
Plants are sessile and often exposed to environmental stresses (e.g. temperature extremes, drought, and high salinity) that negatively impact their growth, development, and yield. The impacts of stress on plants can be transient and reversible, inhibiting metabolism and plant growth during the time of stress, or severe and damaging, leading to irreversible changes and sometimes plant death. Abiotic stresses cause crop losses worldwide, reducing average yields of major crop plants by >50% (Vinocur and Altman, 2005) .
Plants respond to stresses by altering molecular and physiological processes at molecular, cellular, tissue, and wholeplant levels (Bohnert and Jensen, 1996; Wang et al., 2003) .
At the molecular level, plants respond by significant rearrangements in transcriptomes and induction of large numbers of stress-responsive genes. These stress-responsive genes are categorized as either functional or regulatory genes. Functional genes encode enzymes that are involved in the production of protective metabolites, transporters/channel proteins, antioxidative enzymes, lipid biosynthesis genes, etc., which contribute to specific processes for plant survival during stress and recovery after stress.
Regulatory genes encode regulatory proteins, such as stress receptors, protein kinases, components of protein degradation machinery, alternative splicing factors, and transcription factors (TFs). These control signal transduction pathways and modify expression and gene products of multiple stressrelated genes (Chinnusamy et al., 2004; Yamaguchi-Shinozaki and Shinozaki, 2006; Century et al., 2008; Golldack et al., 2011; Malhotra and Sowdhamini, 2014) . At the transcriptional level, stress response is regulated by stress-responsive and/or stress-activated TFs, represented by members from most TF families. However, the bZIP, DREB, MYC, MYB, NAC, and WRKY families are often referred to as the main group of transcriptional regulators responsible for plant abiotic stress tolerance (Golldack et al., 2011) .
Genome-wide identification of TF genes has revealed 1510-1581 TF genes (~20% of all genes) in the Arabidopsis genome; 45% of Arabidopsis TFs are plant specific (Iida et al., 2005) . Similarly, the genome of the monocot species rice (Oryza sativa L. ssp. indica) contains 1611 TF genes that makes up about the same proportion of all rice genes as in Arabidopsis (Xiong et al., 2005) . In contrast, only 12% of genes in the genome of the single-cell eukaryotic organism yeast (Saccharomyces cerevisae) encode TFs (Mewes et al, 1997) , which indicates that during the evolution of complex multicellular life forms there was an expansion in the number of TF genes. TFs activate, repress, or modulate the expression of target genes by sequence-specific binding to cis-elements on their promoter regions and/or through protein-protein interactions inside transcriptional protein complexes (Agarwal and Jha, 2010; Golldack et al., 2011) . The different regulatory pathways are involved in responses to abiotic stresses, and their crosstalk creates highly complex and intricate gene networks (Fowler and Thomashow, 2002; Umezawa et al., 2006) .
Dehydration responsive element binding (DREB) TFs comprise one of two subfamilies of the APETALA2/Ethylene Responsive Element Binding Factor (AP2/ERF) family of TFs with a single AP2 domain. Most DREB TFs bind to the dehydration-responsive element (DRE), which was initially identified in the promoter of the drought-responsive RD29A gene (Yamaguchi-Shinozaki and Shinozaki, 1994) . DREB TFs were discovered by demonstration of the fact that Arabidopsis nuclear protein extracts contain one or several proteins able to cause a mobility shift of oligonucleotides containing the DRE sequence (TACCGAC) in gel retardation studies (Yamaguchi-Shinozaki and Shinozaki, 1994) . The first cDNAs encoding DREB proteins reported from Arabidopsis were C-REPEAT BINDING FACTOR 1 (CBF1)/DREB1 (Stockinger et al., 1997) , and DREB1A and DREB2A (Liu et al., 1998) . DREB TFs have subsequently been identified and characterized for a large number of plant species (M. Lata and Prasad, 2011; Mizoi et al., 2012; Rehman and Mahmood, 2015) .
We decided to concentrate our attention in the current review on the DREB family of TFs because of a large number of reports on their central role in plant abiotic stress responses, as well as numerous attempts to apply DREB genes in genetic engineering of the enhanced abiotic stress tolerance. Below we discuss recent advances in our understanding of mechanisms of regulation of DREB expression and activation, and application of current knowledge of DREB TFs for the engineering of stress-tolerant crops.
Structure, classification, and DNA binding preferences of AP2 domain-containing TFs
Members of the AP2 domain-containing TF family comprise proteins involved in regulation of flower development, cell proliferation, and secondary metabolism, as well as abscisic acid-(ABA) and ethylene-mediated responses, including responses to abiotic and biotic stresses (Riechmann and Meyerowitz, 1998) . TFs from the AP2/ERF family have either one or two DNA-binding APETALA2 (AP2) domains, each of 58 residues. These domains were initially discovered in a floral homeotic protein from Arabidopsis, APETALA2.
The AP2/ERF family of TFs in Arabidopsis comprises five subfamilies of TFs, classified on the basis of sequence similarity, number of AP2 domains, and presence of other characteristic domains. These are the DREB, ERF, AP2, and RAV subfamilies, and 'others' presenting with a single protein (Sakuma et al., 2002) . The AP2 subfamily possesses two AP2 domains, the RAV subfamily contains one AP2 and one B3 domain, and the DREB and ERF subfamilies have a single AP2 domain (Nakano et al., 2006) . Subtle differences in sequence and structure of the AP2 domain in proteins with a single AP2 domain influence the selectivity in binding to DNA cis-elements (Xue, 2002; Eini et al., 2013; Amalraj et al., 2016) .
The DREB proteins found in Arabidopsis were divided into six subgroups, designated A-1 to A-6 (Sakuma et al., 2002; Nakano et al., 2006) . A-1 and A-2 subgroups contain abiotic stress-responsive TFs. Initially, on the basis of data obtained for a small number of Arabidopsis TFs, it was proposed that subgroup A-1 consists of cold-and dehydrationresponsive TFs (DREB1/CBF-type), whereas A-2 contains salt-, dehydration-, and heat-responsive TFs (DREB2-type). Characterization of larger numbers of A-1 and A-2 type proteins from different plant species, however, demonstrated that this functional division was too simplistic (see Supplementary  Table S1 at JXB online). The third subgroup of Arabidopsis TFs contains ABSCISIC ACID INSENSITIVE 4 (ABI4), the fourth subgroup includes TINY-like proteins, and the fifth and sixth subgroups comprise RELATED TO APETALA 2 (RAP2) TFs (Sakuma et al., 2002) . A large number of DREB/ CBF TFs from all subgroups have been isolated from both dicot and monocot plants, and their responsiveness to different abiotic stresses has been characterized (Supplementary Table S1 ). Nakano et al. (2006) divided the AP2/ERF superfamily members in rice into three families based on sequence similarity and numbers of AP2 domains: the AP2 family; the ERF family consisting of ERF and CBF/DREB subfamilies; and the RAV family. Members of the ERF subfamily contain conserved alanine and aspartic acid residues at positions 14 and 19 of the AP2 domain, respectively, while the DREB subfamily has valine and glutamine at the same two positions (Lata and Prasad, 2011) .
Similarly, on the basis of DNA binding specificity of the DNA-binding domains, the AP2/ERF family can be categorized in at least three groups (Stockinger et al., 1997; Kagaya et al., 1999; Brown et al., 2003; Eini et al., 2013) . The first group, which comprises DREB TFs (e.g. CBF1, CBF2, CBF3/ DREB1A, and DREB2A), binds to the C-repeat (CRT) (GCCGAC) element and DRE (ACCGAC) in response to low temperatures, high salinity, and water deficit. The second group comprises ERF proteins (e.g. AtEBP and AtERF1-5), which bind to the ethylene-responsive element (ERE) also known as the GCC-box (GCCGCC) in the promoters of ethylene-inducible genes. It was later demonstrated that some ERFs can also bind to the CRT element, but cannot bind to DRE . This finding demonstrates that while there is an overlap in CRT element and DRE function, the two cis-elements have some differences in protein binding specificities . Additionally, at least some members of a specific group of RELATED TO APETALA 2 (RAP2) proteins, which are usually classified into either ERF or DREB subfamilies, can often bind all three cis-elements, albeit with different strengths (Lin et al., 2008; Amalraj et al., 2016; Bi et al., 2017) . Some RAP2 (A-6) proteins can also interact with the CGCG core of a coupling element 3 (CE3)-like element (Shaikhali et al., 2008) . Therefore, there is not a simple mechanistic explanation for the DNA binding selectivity of DREB TFs and ERFs, with further comprehensive analysis required.
The third group of AP2/ERF-like proteins contains two DNA-binding motifs: a single N-terminal AP2 domain that recognizes the consensus CAACA sequence and a B3-like domain that recognizes the consensus CACCTG sequence (e.g. AtRAV1 and AtRAV2) (Kagaya et al., 1999) . For instance, Arabidopsis RAV1 has been shown to bind bipartite DNA sequences, with the consensus motif C(A/C/G)ACA(N)2-8(C/A/T)ACCTGB-3 (Matías-Hernández et al., 2014) . A B3-like DNA-binding domain was also found in Arabidopsis ABSCISIC ACID INSENSITIVE 3 (ABI3) and VIVIPAROUS 1 (Vp1) proteins responsible for regulation of seed maturation and dormancy (Giraudat et al., 1992; Bobb et al., 1995) .
Expression of some stress-inducible genes is not affected by endogenous ABA. Promoter analysis of the ABAindependent genes revealed that G/ACCGAC-containing elements are responsible for gene induction under cold, drought, high salinity, and, in some cases, heat stress (Baker et al., 1994) . The DRE sequence (TACCGACAT) was identified in promoters of the drought-responsive genes RD29A and RD29B (Yamaguchi- Shinozaki and Shinozaki, 1993) . Initially it was demonstrated that DRE from the RD29A promoter is essential for gene expression induction by drought, high salinity, and low temperature, but not by ABA treatment (Yamaguchi-Shinozaki and Shinozaki, 1994) . However, later it was found that DREs on some promoters are involved in both ABA-dependent and ABA-independent abiotic stress signaling (Yamaguchi-Shinozaki and Shinozaki, 1994; Busk et al., 1997; Liu et al., 1998; Kizis and Pagès, 2002) .
Regulation of expression and activity of DREB TFs
The expression and consequent activity of the DREB1/CBF (A-1) group of DREB TFs is regulated at the transcriptional level (Fig. 1) . In contrast, the activity of the DREB2-type (A-2) subfamily members is controlled at transcriptional, post-transcriptional, and post-translational levels (Fig. 2) . Alternative splicing has been suggested for DREB2-type TFs as a possible post-transcriptional mechanism of activity regulation (Egawa et al., 2006; Qin et al., 2007; Matsukura et al., 2010; Vainonen et al., 2012) . At the post-translational level, the abundance and activity of DREB2-type TFs are controlled by protein phosphorylation and ubiquitin-mediated degradation (Liu et al., 1998; Agarwal et al., 2007) .
Regulation of DREB transcription by different stresses
Expression of most DREB genes is regulated by abiotic stresses. Studies of transcription patterns of DREB genes in various plant species have revealed relatively low basal expression levels for most members. However, transcription of DREB genes is induced by different environmental factors and this induction may be either ABA dependent or ABA independent (Supplementary Table S1) Agarwal and Jha, 2010) .
Nearly all reported DREB1/CBF genes are induced by low temperature and in turn themselves activate the expression of many low temperature-responsive genes (Seki et al., 2001) . This occurs because promoters of DREB1/CBF TFs usually contain functional DRE/CRT elements and therefore expression of DREB1/CBF genes is controlled and co-ordinated inside the subfamily. For instance, the increase in expression levels of AtDREB1C/CBF2 results in negative regulation of two other members of the subfamily, AtDREB1A/CBF3 and AtDREB1B/CBF1 (Novillo et al., 2004) . Based on large numbers of observations made in multiple studies (Supplementary Table S1 ), DREB1/CBF-type TFs are activated by four or less major abiotic stresses (low and high temperatures, drought, and high salinity), although the patterns of expression of orthologous genes in different species can be very different.
Transcription of some DREB1/CBF genes is induced by high salt concentrations (Supplementary Table S1 ). However, strong constitutive expression or overexpression of DREB1/CBF genes usually enhances frost and drought tolerance of transgenic plants, but does not necessarily provide an improvement of tolerance to high salinity (Morran et al., 2011) .
Initially, DREB2-type genes were isolated from Arabidopsis (Liu et al., 1998) , and were shown to be induced by salt and dehydration, but not by cold (Nakashima et al., 2000) . This was one of the selection criteria used to place DREB2-type TFs into an independent group. Later, however, analysis of expression of other members of this subgroup in Arabidopsis and similar genes in other plant species revealed that many DREB2-type genes can also be activated by cold (Liu et al., 2008; Lee et al., 2010; Mizoi et al., 2013) . The functional division between DREB1/CBF and DREB2 members is less clear than originally supposed.
At least one DREB TF, DEAR1 from Arabidopsis with a high level of similarity across the DNA-binding domain to members of the DREB1/CBF group, has been found to accumulate in response to pathogen infection (Pseudomonas syringae) (Tsutsui et al., 2009) . Overexpression of DEAR1 in transgenic Arabidopsis increased resistance to the pathogen but led to a reduction in frost tolerance, suggesting a role for DEAR1 in mediating crosstalk between signaling pathways for biotic and abiotic stress responses (Tsutsui et al., 2009) .
There are several reports on transcriptional activation of DREB genes by mechanical wounding. For instance, transcription of genes similar to TINY (A-4 type) from Arabidopsis (TINY2) and wheat (TaDREB2) was strongly induced by wounding (Wei et al., 2005; Morran et al., 2011) . In another example, the gene encoding a DREB1/CBF-type TF from pepper (Capsicum annuum L.), Ca-DREBLP1, was rapidly induced by dehydration, high salinity, and, to a lesser extent, by mechanical wounding, but not by cold stress (Hong and Kim, 2005) .
Mechanisms of transcriptional regulation of DREB expression
In Arabidopsis, expression of DREB1/CBFs is controlled by low temperature and circadian clock signals (Zhou et al., 2011; Fig. 1) . MYC-like basic helix-loop-helix (bHLH) TFs, INDUCER OF CBF EXPRESSION 1 (ICE1) and ICE4, are main players in the transcriptional control of DREB1/ CBF proteins (Chinnusamy et al., 2003) . ICE1 controls the expression of CBFs by binding to MYC recognition elements (CANNTG) in the CBF3/DREB1A promoter. ICE1 itself is constitutively expressed and its expression is not induced by stress. Its overexpression in transgenic Arabidopsis did not influence expression of CBF3/DREB1A at normal temperature, but enhanced expression of CBF3/DREB1A under low temperature and, consequently, increased freezing tolerance of transgenic plants (Uno et al., 2000; Chinnusamy et al., 2003; Badawi et al., 2008) .
ICE1 activity is negatively regulated by a RING-finger ubiquitin E3 ligase, HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE GENES 1 (HOS1), responsible for the ubiquitination of ICE1, which leads to degradation of this TF . Furthermore, SUMO E3 LIGASE 1 (SIZ1) catalyzes the sumoylation of ICE1, which blocks sites for ubiquitination and therefore stabilizes the ICE1 molecule and protects it from degradation (Miura et al., 2007) . Expression of wheat TaICE41 and TaICE87 in transgenic Arabidopsis activated the expression of COR genes and consequently led to enhancement of cold tolerance, but only after cold acclimation. These data suggest that temperaturedependent post-translational modifications of ICE factors are required for induction of CBF expression (Chinnusamy et al., 2003; Fig. 1) .
Myeloblastosis (MYB) TFs are also involved in regulation of CBF genes. For example, MYB15 acts as a repressor of DREB1/CBF genes in transgenic Arabidopsis plants overexpressing MYB15. Transgenic lines showed decreased expression levels of CBFs and reduced freezing tolerance compared with wild-type plants (P.K. . In addition, ICE1 appears to be a negative regulator of MYB15, as revealed by characterization of ice1 mutants; these mutants had increased transcript levels of MYB15. It has also been demonstrated that DREB1C expression is regulated by MYB15 under circadian control (Fowler et al., 2005) .
Another Arabidopsis TF, CALMODULIN BINDING TRANSCRIPTION ACTIVATOR 3 (CAMTA3), positively regulates transcription of CBF2 by binding to conserved motif 2 (CM2) elements in the CBF2 promoter under cold stress. A camta3 mutant showed reduced cold acclimation, suggesting the importance of CAMTA3 in cold responses (Doherty et al., 2009) .
The bHLH TF, PHYTOCHROME INTERACTING FACTOR 7 (PIF7) from Arabidopsis, functions as a transcriptional repressor of DREB1C expression by binding to the G-box sequence in the DREB1C promoter. PIF7 is itself regulated by interacting factors, including TIMING OF CAB EXPRESSION 1 (TOC1), a component of the circadian oscillator and red light photoreceptor. TOC1 and PIF7 were coexpressed using a transient expression assay in Arabidopsis mesophyll protoplasts, resulting in stronger repression of the DREB1C promoter than achieved by PIF7 alone. In the Arabidopsis pif7 mutant, expression of both DREB1B and DREB1C was not repressed under light (Kidokoro et al., 2009) .
Transcription of DREB2A from Arabidopsis in response to dehydration and heat shock is independently regulated through different cis-elements in the DREB2A promoter (Kim et al., 2011; Yoshida et al., 2011) . Two essential elements of the DREB2A promoter, a coupling element 3 (CE3)-like sequence (ACGCGTGTCCTC) (Shen et al., 1996) and the ABA-responsive element (ABRE), regulate dehydrationinduced expression (Kim et al., 2011) . Response of DREB2A to heat shock is, however, mediated through the heat shock element (HSE) by HEAT SHOCK FACTOR A1 (HsfA1) . The DREB2A TF in turn activates the HsfA3 gene, and the expressed HsfA3 protein induces activation of multiple heat shock-responsive genes, products of which confer heat tolerance (Schramm et al., 2008) . Yoshida et al. (2011) showed that heat shock-responsive expression of DREB2A is regulated by the HsfA1a, HsfA1b, and HsfA1d TFs. Expression of the DREB2A gene under heat shock stress was completely suppressed in the hsfa1a/b/d triple and hsfa1a/ b/d/e quadruple mutants, but was restored by transforming the hsfa1a/b/d mutant plants with a 35S:HsfA1b construct.
An additional pathway for DREB2A transcription regulation was shown using overexpression of type 1 inositol polyphosphate 5-phosphatase (IP) in transgenic Arabidopsis. The transgenic plants exhibited altered ABA signaling and increased drought tolerance compared with the wild type (Perera et al., 2008) . In support of this, DREB2A expression was repressed in Arabidposis cell suspension culture by overexpression of phosphoinositide-dependent phospholipase C (PI-PLC). It was proposed that both IP3 and diacylglycerol (DAG) produced by PI-PLC participate in the down-regulation of DREB2A expression (Perera et al., 2008; Djafi et al., 2013) . Further deciphering of the roles of soluble inositols and phosphatidic acid (PA) in the PI-PLC-triggered responses is still required for elucidation of their functions in DREB2 regulation.
Another negative regulator of the DREB2A gene is GROWTH-REGULATING FACTOR 7 (GRF7). DREB2A has a target cis-element (TGTCAGG) for GRF7 in its promoter. Silencing of GRF7 expression by miRNA in transgenic Arabidopsis lines as well as knock-out of GRF7 in Arabidopsis by T-DNA insertion led to significant enhancement of DREB2A expression (Kim et al., 2012) .
Post-transcriptional control of DREB2 expression
Initially it was found that in the Poaceae family species (grasses), post-transcriptional control by alternative splicing works as a key regulatory mechanism of expression of DREB2-type TFs (Egawa et al., 2006; Qin et al., 2007; Matsukura et al., 2010; Fig. 2) . Alternative splicing of DREB2-type pre-mRNAs produces two mRNA forms: the first (long) mRNA form has a stop codon upstream of the DNA-binding domain and therefore encodes an inactive TF, while the second (short) mRNA form encodes an active, fulllength protein containing intact DNA-binding and transactivation domains. The inactive form is expressed predominantly under non-stressed conditions, while expression of the active form prevails under stress (Qin et al., 2007) . Matsukura et al. (2010) found that the non-functional form of OsDREB2B1 was not a precursor of the functional form of OsDREB2B2, but rather an alternative splicing form encoding non-functional truncated protein. This indicated that stress-(cold, heat, drought, and salinity) inducible alternative splicing might be one of the mechanisms for regulation of OsDREB2B activity. Similar alternative splicing events have been observed in maize: the long mRNA form of ZmDREB2A-L with a premature stop codon was expressed in the absence of stress, while a short ZmDREB2A-S transcript encoding full-length protein was expressed under stress conditions (Qin et al., 2007) .
Alternative splicing of dicot pre-mRNA encoding a DREB2-like TF has been observed in heat-stressed Arabidopsis plants. A splice variant of the DREB2A pre-mRNA, which was expressed under heat stress, encoded truncated protein DREB2A.2. This protein was lacking the protein-binding CMIV-3 motif, which is required for binding to RADICAL-INDUCED CELL DEATH 1 (RCD1) (Vainonen et al., 2012) . RCD1 is a member of the poly (ADP-ribose) polymerase (PARP) superfamily, which has pleiotropic functions in development and abiotic stress response (Teotia and Lamb, 2011) .
Post-translational control of DREB2-type TFs
Initially it was shown that the overexpression of AtDREB2A and OsDREB2A in transgenic Arabidopsis was not sufficient for activation of potential target genes (Liu et al., 1998; Dubouzet et al., 2003) . Therefore, it was assumed that posttranslational modifications of these two DREB TFs may play an important role in their activation.
Phosphorylation of DREB TFs
Phosphorylation and dephosphorylation have been suggested as post-translational modulators of activity of DREB2-type proteins (Liu et al., 1998; Agarwal et al., 2007) . For instance, it has been reported that recombinant PgDREB2A protein was phosphorylated during incubation with nuclear extracts of pearl millet (Pennisetum glaucum), and that phosphorylation reduced the binding affinity of PgDREB2A for DRE/ CRT elements (Agarwal et al., 2007) . Furthermore, the in vitro dephosphorylation of the PgDREB2A protein using calf intestine alkaline phosphatase (CIAP) restored DNA binding ability of PgDREB2A. The conserved amino acid sequence adjacent to the DNA-binding domains of DREB2-type proteins was designated as a PEST sequence; it is also known as a negative regulatory domain (NRD) (Sakuma et al., 2006a) . The PEST sequence is rich in serine/threonine residues and contains potential phosphorylation sites for protein kinases such as protein kinase C (PKC) and casein kinase (CK2) (Rogers et al., 1986) . Phosphorylation of serine/threonine residues in the NRD leads to rapid degradation of DREB2-type proteins. In contrast, removal of the NRD from the AtDREB2A protein produces a stable (protected from degradation) and therefore constitutively active (CA) form of protein. Constitutive overexpression of CA forms of GmDREB2A, MtDREB2, and AtDREB2A in transgenic plants led to activation of most target genes and enhancement of abiotic stress tolerance of transgenic Glycine max, Medicago truncatula, and Arabidopsis, respectively (Sakuma et al., 2006a; J.R. Chen et al., 2009; M. Chen et al., 2009; Mizoi et al., 2013) . Unfortunately, because of constitutive up-regulation of target stress-responsive genes, overexpression of the CA form of DREB2A led to significant growth retardation of transgenic Arabidopsis plants (Sakuma et al., 2006a) .
Role of ubiquitination and protein degradation in regulation of DREB activity
Turnover and selective proteolysis of eukaryotic proteins is mediated by the ubiquitin (Ub)-26S proteasome pathway. Ub chains are attached to target proteins by E1 (ubiquitin-activating enzyme), E2 (ubiquitin-conjugating enzyme), and E3 (ubiquitin ligases) and serve as degradation tags, which mark proteins for proteolytic degradation by the 26S proteasome. E1 catalyzes formation of ATP-dependent thioester bonds to Ub and then transfers this activated Ub to E2. Subsequently, E3 binds to the E2-Ub complex and produces an isopeptide bond between Ub and a target protein. Hence, ubiquitination of target proteins by E3 ligases leads to protein degradation, a type of post-translational regulation of TF activity. E3 ligases are reported to be involved in responses to different stresses (Yan et al., 2003; Gao et al., 2011) . For example, degradation of DREB2A protein in the absence of stress is regulated by DREB2A-interacting proteins 1 and 2 (DRIP1 and DRIP2), which are RING E3 ligases (Qin et al., 2008) .
Interactions of DREB TFs with other proteins
Complex networks of protein-protein interactions are integral to transcriptional regulation in living systems. Interaction between TFs co-ordinates positive and negative regulation of stress responses, providing efficient expression of different sets of downstream genes. For example, co-expression of DREB2 and ABA RESPONSIVE ELEMENT BINDING FACTOR (ABF), a gene encoding an ABA-inducible basic leucine zipper TF, led to enhanced expression of a GUS (β-glucuronidase) reporter gene driven by the stress-inducible RD29A promoter in transient expression assays in Arabidopsis protoplasts (Narusaka et al., 2003) . Constitutive co-expression of ABF3 and DREB1A/CBF3 in rice conferred stronger drought and salt tolerance to transgenic plants than overexpression of each of these two genes alone (Oh et al., 2005) . DREB2C physically interacts with ABF2, ABF3, and ABF4, while DREB1A and DERB2A interact with ABF2 and ABF4 but not with ABF3 in yeast two-hybrid (Y2H) and in vitro assays (Lee et al., 2010) , demonstrating specificity in DREB TF-protein interactions.
TFs that specifically bind to CRTs/DREs and HSEs in stress-inducible promoters were reported to work co-operatively and regulate the expression of small heat shock proteins (HSPs) in developing sunflower (Helianthus annuus) embryos (Díaz-Martín et al., 2005) . For instance, HaDREB2 and HaHSFA9 interact during co-ordinated binding to DRE and HSE in the promoter of the gene encoding small HaHSP17.6G1. Interaction occurs through the AP2 domain of HaDREB2 and the activation domain located in the C-terminal region of the HaHSFA9 TF (Almoguera et al., 2009) .
In some cases, interaction with protein cofactors increases selectivity of DREB2-type TF binding to promoters. For example, a DNA POLYMERASE II subunit B3-1 (DPB3-1), also known as Nuclear Factor Y subunit C10 (NF-YC10), was isolated in Y2H screens of an Arabidopsis cDNA library using DREB2A as bait. Overexpression of DPB3-1 in transgenic Arabidopsis enhanced the expression levels of heat stress-responsive target genes of DREB2A but did not affect expression levels of genes induced by dehydration (Sato et al., 2014) .
The RADICAL-INDUCED CELL DEATH1 (RCD1) protein regulates developmental, hormonal, and stress responses in Arabidopsis and can interact with DREB2A, DREB2B, and DREB2C proteins (Jaspers et al., 2009) . RCD1 binds to DREB2A through the RCD-interacting motif (RIM), also known as the CMIV-3 motif, which is situated at the C-terminal end of the TF. Under heat stress, this interaction cannot take place, because RCD1 rapidly degrades and DREB2A is expressed as an alternatively spliced variant encoding a protein lacking the RIM (Vainonen et al., 2012) . DREB2A interaction with other RCD1-like proteins, SIMILAR TO RCD1 (SRO1) and SRO5, has been also reported (Jaspers et al., 2009 (Jaspers et al., , 2010 .
Overexpression of EaDREB2 from Erianthus arundinaceus in sugarcane enhanced drought and high salinity tolerance of transgenic plants compared with control plants. However, co-transformation of sugarcane with EsDREB2 and the PLANT DNA HELICASE 45 (PDH45) gene enhanced salinity tolerance of transgenic sugarcane to a greater extent than transformation with EsDREB2 alone (Augustine et al., 2015) .
Overexpression of DREB TFs in transgenic plants: issues and possible solutions
Examples of studies demonstrating increased drought, high salinity, cold/freezing, and heat stress tolerance in transgenic plants using constitutive overexpression of DREB genes are listed in Supplementary Table S2 . In the majority of these examples, however, constitutive DREB overexpression affects plant morphology and production. For instance, transgenic Arabidopsis plants expressing DREB1A/CBF3 or DREB1B/ CBF1 under the control of the strong constitutive Cauliflower mosaic virus (CaMV) 35S promoter showed enhanced tolerance to freezing temperatures, drought, and high salinity, compared with control wild-type plants (Iwasaki et al., 1997; Jaglo-Ottosen et al., 1998; Liu et al., 1998 . However, mature transgenic plants were significantly smaller than wild-type plants. Similarly, constitutive overexpression of AtDREB2ACA led to activation of stress-responsive genes and accumulation of low molecular protectants and, consequently, to improvement of salt tolerance of transgenic Rosa chinensis plants, but this was accompanied by a number of undesirable phenotypic changes, including a reduction in leaf starch and chlorophyll content, changes in cuticle development, and increased etioplast diameter (Josine et al., 2015) . Overexpression of OsDREB1A in transgenic Arabidopsis plants led to severe growth retardation of transgenic plants compared with control plants, despite a clear improvement of freezing and dehydration tolerance of the transgenic lines (Iwasaki et al., 1997; Liu et al., 1998; Dubouzet et al., 2003) .
The dwarf phenotypes of transgenic lines produced by the overexpression of DREB/CBF1-type TFs could result in the activation of expression of DELLA gene(s), products of which may negatively affect gibberellin synthesis by the activation of the GA2ox gene (Achard et al., 2008; Achard and Genschik, 2009 ). For instance, the ectopic expression of CBF (PpCBF1) in transgenic apple trees increased their freezing tolerance, but also led to a significant phenotypic variability (Wisniewski et al., 2015) . The analysis of expression of downstream genes revealed up-regulation of the RGL gene encoding DELLA protein. The growth retardation and dwarfism of transgenic Arabidopsis lines overexpressing either CBF1, CBF2, or CBF3 were connected to the increased levels of DELLA protein expression and led to significantly decreased gibberellin levels (Zhou et al., 2017) . A similar mechanism of plant growth regulation by CBF proteins apparently takes place in grasses: the ectopic expression of TaCBF14 and TaCBF15 in transgenic barley lines led to development of dwarf phenotypes and simultaneously enhanced transcript levels of the gibberellin catabolic HvGA2ox5 gene in coldtreated transgenic plants most probably through accumulation of DELLA protein (Soltész et al., 2013) .
A small number of cases are reported where constitutive overexpression of DREB genes produced few or no negative changes in phenotypes of transgenic plants. For example, the constitutive overexpression of a gene similar to the rice OsDREB1A gene from Arabidopsis, AtDREB1A, under the 35S promoter in transgenic rice plants enhanced their stress tolerance to drought and high salinity without producing any negative phenotypic changes (Oh et al., 2005) . Overexpression of wheat TaDREB1 in rice negatively influenced plant growth under normal growth conditions, but the dwarf phenotype was not observed for transgenic Arabidopsis plants transformed with the same construct (Shen et al., 2003) . Overexpression of rice OsDREB2A did not cause any phenotypic changes in transgenic Arabidopsis (Dubouzet et al., 2003) , although overexpression of wheat TaDREB1, TaDREB2, TaDREB3, and WDREB2, and maize ZmDREB2A caused phenotypic changes and/or growth retardation of transgenic Arabidopsis, tobacco, and barley (Shen et al., 2003; Qin et al., 2007; Kobayashi et al., 2008; Morran et al., 2011) . It is not entirely clear why constitutive overexpression of DREBs occasionally has no detrimental effects, but it seems to be an exception rather than the rule. 'Good' phenotypes are sometimes connected to heterological expression of the chosen transgene. The protein sequence of a DREB/CBF from a gene donor species may be less optimized for its function (e.g. strength of DNA and protein binding) than its native homolog. These may to some extent compensate strong overexpression of the transgene at both the mRNA and protein levels. The extent of differences between phenotypes of transgenic and control plants may also be explained by variation in the number and type of target genes induced by overexpression of particular DREB transgenes in certain plant species.
Use of stress-inducible promoters improves phenotypes of transgenic plants
While the use of stress-inducible promoters for overexpression of DREB TFs in transgenic plants can lead to a lower enhancement of abiotic stress tolerance than constitutive promoters, there is also a significant reduction in the development of undesirable phenotypes in the absence of stress. Kasuga et al. (1999 Kasuga et al. ( , 2004 reported that overexpression of AtDREB1A under the RD29A promoter conferred increased drought and freezing tolerance to transgenic Arabidopsis and tobacco plants without producing growth retardation. The overexpression of DREB1A/CBF3 under the stress-inducible RD29A promoter also improved drought tolerance in transgenic wheat (Pellegrineschi et al., 2004) . Groundnut plants expressing AtDREB1A under the control of the RD29A promoter showed better transpiration efficiency and under drought accumulated considerably higher levels of antioxidant enzymes and proline than wild-type plants (Bhatnagar-Mathur et al., 2007 ). Overexpression of MtDREB1C driven by the 35S promoter enhanced the freezing tolerance of M. truncatula but led to retardation of shoot growth. In contrast, overexpression of the same gene under the RD29A promoter in China rose (R. chinensis Jacq.) did not affect the observed phenotype under optimal growth conditions but still enhanced freezing tolerance under stress (Chen et al., 2010) . Constitutive expression of SbDREB2 from Sorghum beticola under control of the 35S promoter in transgenic rice plants produced a strong negative effect of the transgene on plant growth and yield (seed set). However, transgenic rice plants expressing SbDREB2 under the RD29A promoter showed improved drought tolerance and no reduction in seed set (Bihani et al., 2011) . Unfortunately, the Arabidopsis RD29A promoter can be leaky and its activation by stress is too weak in wheat, barley, and maize, and therefore inefficient for expression of transgenes in these species (SL, personal observations).
As an alternative, the strongly drought-inducible Rab17 promoter from maize has almost no basal (constitutive) levels of activity in transgenic wheat, when it was used for the overexpression of DREB genes (Morran et al., 2011) . Overexpression of wheat DREB genes under control of the Rab17 promoter did not negatively influence wheat or barley growth or grain yields under optimal growth conditions (Morran et al., 2011) . Exposure to mild drought led to activation of the ZmRab17 promoter and to development of mild undesirable phenotypes and grain yield penalties. However, these effects were weaker than observed using the strong constitutive maize polyubiquitin or CaMV 35S promoters (Morran et al., 2011) . The ZmRab17 promoter is not induced by cold stress in transgenic wheat or barley, and hence cannot be used for improvement of wheat frost tolerance. However, the improvement of frost tolerance was observed in transgenic Rab17-TaDREB3 barley lines, most probably because, in contrast to transgenic wheat, in transgenic barley the ZmRab17 promoter exhibited a mild basal activity, providing sufficient levels of constitutive overexpression of TaDREB3 to enhance frost tolerance of transgenic barley (Morran et al., 2011) .
The overexpression of TaDREB3 from wheat in transgenic barley under the control of the constitutive 35S promoter showed improved survival under drought and frost, but led to growth retardation and lower grain yield than observed for wild-type plants (Morran et al., 2011) . Two cold-inducible promoters with contrasting properties were used to decrease/ eliminate negative influences of TF transgenes on the phenotype of transgenic barley (Kovalchuk et al., 2013) . The first one of these, the OsWRKY71 promoter from rice, is an ABA-independent promoter with low basal levels of activity, moderate induction by cold, and weak induction by other abiotic stresses. In contrast, the TdCor39 promoter from durum wheat is an ABA-dependent promoter, with low to moderate basal levels of activity, and is strongly induced by both cold and drought. The overexpression of TaDREB3 using the OsWRKY71 promoter prevented growth retardation and yield reduction of transgenic barley plants, but facilitated induction of stress-responsive genes under stress and significantly better recovery of transgenic barley lines than control plants after severe frost treatment (Kovalchuk et al., 2013) . Similar stress induction was observed for a TdCor39-TaDREB3 construct; however, mild negative effects on growth were observed with this promoter (Kovalchuk et al., 2013) .
These studies demonstrate that it is possible to decrease or eliminate negative influences of DREB/CBF-encoding transgenes on plant growth and yield by modulation of their levels of expression, through the use of stress-inducible promoters. However, we have consistently observed that the improvement of stress tolerance provided by stress-inducible promoters is inferior to that obtained using constitutive promoters. Another problem with many stress-inducible promoters is that we have a limited understanding of their spatial and temporal expression profiles, particularly in heterologous systems. In addition, abiotic stress-inducible promoters can often be induced by biotic stresses and mechanical wounding, or by other environmental factors or stimuli including day length, strong light, UV radiation, and soil characteristics. These factors can be well controlled during evaluations of transgenic crop plants in the glasshouse, but lead to unpredictable results in field trials. The influence of these factors on specific stressinducible promoter activity is not well characterized.
Over the last decade, there has been rapid development of targeted genome editing systems (Quétier, 2016; Stella and Montoya, 2016) as an alternative to conventional transgenic approaches. Genetic engineering of plants has rapidly changed focus, moving from the introduction of additional, often heterologous, genes and promoter copies to plant genomes, to direct modification of native genes and their regulatory regions for altered expression or function. One such targeted genome editing system is the clustered, regularly interspaced short palindromic repeats (CRISPR)-associated protein (Cas) system. It utilizes a ribonucleoprotein complex that protects bacteria from invading DNAs, and was recently adapted to be used for editing of eukaryotic genomes (Kumar and Jain, 2015; Quétier, 2016; Stella and Montoya, 2016) . Native DREB/CBF promoters are promising and attractive targets for genome editing approaches to improving abiotic stress tolerance in plants. These methods should allow the insertion of short enhancer sequences to increase promoter strength but retain other properties.
Overexpression of DREB proteins with removed/ modified protein domains/motifs
In some studies, expression of DREB TFs in transgenic plants did not lead to improvements in stress tolerance. For example, overexpression of AtDREB2A did not change the stress tolerance of transgenic Arabidopsis (Liu et al., 1998) . Sakuma et al. (2006a) produced a CA form of AtDREB2A by removing a protein domain of 29 residues that is responsible for negative regulation. Overexpression of the CA form resulted in strong growth retardation of transgenic Arabidopsis, but also up-regulation of many stress-inducible downstream genes and significant tolerance to drought stress (Sakuma et al., 2006a) . Microarray analysis of AtDREB2A CA Arabidopsis plants revealed that 483 genes were up-regulated >2-fold compared with expression levels of these genes in wild-type plants. Of these, 68 and 107 genes showed droughtand salt-responsive gene expression, respectively. Fifty-five of the 68 drought stress-responsive genes are also induced by salt stress. This overlap in activation of stress-responsive genes under two different stresses again confirmed the existence of a common regulatory mechanism for drought-and salt-inducible gene expression. Further, overexpression of CA AtDREB2A in Arabidopsis also led to enhanced heat tolerance (Sakuma et al., 2006b) . The heat shock-responsive genes HSFA3, chloroplast-localized small HSP (CPsHSP), DnaJ-like protein, HSP70, and HSP18.2 were up-regulated in transgenic AtDREB2A CA plants, suggesting a role for DREB2A in the regulation of heat stress response.
In a similar work, an NRD was removed from GmDREB2A;2, and a cDNA-encoding truncated TF (GmDREB2A;2Δ2) was constitutively expressed in transgenic Arabidopsis. Drought and heat tolerance of the transgenic lines was significantly increased compared with wild-type plants. Microarray analysis of the transgenic plants revealed that 150 of the up-regulated downstream genes in Arabidopsis expressing 35S:GmDREB2A;2Δ2 were also up-regulated in 35S:DREB2A CA Arabidopsis (Mizoi et al., 2013) .
Overexpression of intact stress-inducible DREB genes belonging to the A-6 subgroup has led to reductions in expression levels of target stress-responsive genes and in drought and frost tolerance of transgenic plants compared with wildtype plants. The RAP2.1 gene from Arabidopsis and its wheat homolog TaRAP2.1L belongs to this group of DREB genes (Dong and Liu, 2010; Amalraj et al., 2016) . Both genes are activated by ABA, drought, and cold. Both TFs contain a C-terminal ethylene-responsive factor-associated amphiphilic repression (EAR) motif, known to be responsible for the active repression of target genes by recruiting components of a repressor complex (Ohta et al., 2001) . Overexpression of the RAP2.1 gene in Arabidopsis (Dong and Liu, 2010) , and TaRAP2.1L in transgenic barley and wheat (Amalraj et al., 2016) resulted in stunted growth of transgenic plants accompanied by a significant reduction in drought and frost tolerance. Surprisingly, deletion or mutagenesis-based inactivation of the EAR motif led to functional conversion from a repressor DREB to an activator DREB TF, restored phenotypes and grain yields of transgenic wheat plants transformed with the TaRAP2.1Lmut gene, and increased frost tolerance and the ability of transgenic wheat to better recover than control plants after prolonged application of strong drought (Amalraj et al., 2016) . The EAR motif of TaRAP2.1L is an ideal target for the emerging genome editing approaches described above, as an alternative to conventional transgenic methods.
Co-expression of DREB TFs in cassettes with interacting partners provides further gains in stress tolerance enhancement
Co-expression of two physically interacting TFs in the same transgenic plant often gives better results than overexpression of each of them independently. For example, the HaDREB2 from sunflower binds to the DRE/CRT element within the Hahsp17.6 promoter and activates expression of Hahsp17.6G1 in co-operation with another TF gene, HaHSFA9 (Díaz-Martín et al., 2005) . When HaDREB2 and HaHsfA9 were overexpressed in tobacco (Nicotiana tabacum) together, greater heat tolerance and seed longevity were observed than for transgenic plants overexpressing HaHSFA9 alone. The enhancement of heat tolerance in this case confirms the involvement of HaDREB2 in regulation of heat response (Almoguera et al., 2009) .
Application of DREB genes in genetic engineering of crop plants: achievements and limitations
There is a very large body of research around the role of DREB/CBF TFs in abiotic stress responses and the outcomes of DREB/CBF gene overexpression in transgenics. Multiple attempts have been made to modify gene expression and protein sequence of DREB/CBF TFs for improvement of drought, frost, high salinity, and heat tolerance in a large variety of crop plants (Supplementary Table S2 ).
There are several conclusions that can be drawn on the basis of published DREB/CBF research. Although most of the reports claim improvement of tolerance of transgenic plants to one or several abiotic stresses, works aiming or attempting to analyze and compare yield gains or losses of transgenic plants with yield of control plants under optimal plant growth conditions and under stress conditions are scarce. While there are a few reports about transgenics with no negative influence of DREB/CBF overexpression on plant development, most papers report negative changes in phenotypes of transgenic plants, often including a reduction in final plant size, which probably leads to decreases in biomass and yield. Even in examples where no negative influences of DREB/CBF overexpression on plant growth and size are reported, these observations have not been validated by field trial data. Whilst biotech companies may have progressed DREB/CBF transgenic maize, rice, or dicot crop species through to field evaluation, these data have not been published. Knowledge of field performance will be critical to drive future research aimed at DREB/CBF engineering for stress tolerance and yield improvements.
Practical applications of DREB/CBF genes are currently restricted to cases where yield is not important and improvement of stress tolerance or plant survival in harsh conditions is the only aim, such as drought, cold, or high salinity tolerance improvement of perennial grass species (Zhao et al., 2007; Zhuang et al., 2015) and industrial or ornamental trees (Gamboa et al. 2007; Li et al., 2012) . Because of the negative influence of DREB/CBF overexpression on plant phenotypes, the current belief in scientific and industry circles seems to be that DREB/CBF genes have little value or prospects for crop improvement, the main aim of which is to make production of grain, fruits, vegetables, etc. sustainable under worsening environmental conditions. Several things are suggestive that such a conclusion is somewhat preliminary. First, there are insufficient data on the analysis of yield components to draw final conclusions about the negative influence of DREB/CBF overexpression on yield. For instance, a positive correlation between the levels of DREB2-type TF expression and grain yields under drought of different wheat genotypes was recently detected in field trials using non-transgenic approaches (Shavrukov et al., 2016) . These findings point to the importance of thorough evaluation of transgenic line yields. Current methods of glasshouse evaluation require careful development and improvement by plant physiologists and agronomists (Amalraj et al., 2016; Kovalchuk et al., 2017) . Ideally, plant performance should be evaluated in multisite, multiseason field environments. Field evaluations, however, are very expensive and logistically complicated with existing GMO regulations and restrictions. The discovery and demonstration of DREB/CBF function in transgenic Arabidopsis need to be replaced with in-depth and thorough characterization of mechanisms of DREB function, interaction with other proteins, selectivity in binding of particular DNA sequences, and influence of interacting partners on DNA binding. Also of importance will be the discovery and explanation of the role of protein domains and motifs, characterization of the gene promoter sequences, and the identification of the main groups of target genes for each type of DREB/CBF, such as genes encoding aquaporins, genes responsible for regulation of stomatal number and function, cuticle biosynthesis enzymes, proteins responsible for stabilization of membranes in dehydrated cells, etc. All of this information is critical for smart genetic engineering using genome editing. Examples of such studies have been discussed in this review.
Secondly, it is necessary to collect, confirm, and explain all examples where the negative influence of DREB/CBF overexpression on plant phenotype (and, potentially, yield) is minimal or undetectable, with the aim of understanding the reasons and mechanisms for such examples. There are currently several hypotheses and justifications for the negative influence of DREB/CBF overexpression on phenotypes of transgenic plants: (i) energy use rearrangement between activity of plant growth and production of stress-responsive proteins and low molecular weight protectants; (ii) incorrect spatial and temporal expression or excessively strong expression under heterologous promoters, which leads to activation of genes that usually do not belong to the pool of target genes, and which interfere with plant growth; (iii) presence in DREB/CBF TFs of particular protein motifs/domains responsible for deceleration of plant growth under stress through protein-protein interactions, as a part of regulation of energy and nutrient re-arrangement under stress; and (iv) activation of DELLA genes by the overexpression of DREB/ CBF1-type TFs that lead to the negative regulation of gibberellin biosynthesis, decrease of the gibberellin content, and stunted growth and eventual dwarfism of transgenic lines. Determining which of these hypotheses are true will facilitate solutions able to improve stress tolerance and overcome the typically opposing effects of DREB/CBF overexpression on yield.
Conclusions and perspectives
Abiotic stress tolerance is a multigenic trait governed by an array of genes involved in physiological/biochemical and molecular processes. TFs play a pivotal role in simultaneous regulation of large groups of stress-responsive genes by binding to specific cis-elements in their promoters. Therefore, TFs are considered to be promising candidates for enhancing abiotic stress tolerance in transgenic plants by concurrent regulation of a large number of downstream genes.
DREBs are versatile TFs in controlling responses to major abiotic stresses. A large number of studies have been carried out with the aim of elucidating roles of DREB TFs in stress response, mechanisms of their transcriptional and post-translational regulation, identification of critical protein partners, and revealing the roles of particular protein domains. These studies indicate that DREB TFs can be used to enhance abiotic stress tolerance (survival), but have not addressed the more important question of whether or not DREB TFs can increase yields of transgenic plants under stress. Large numbers of DREB homologs have been isolated from different plant species, including species with extreme tolerance to particular abiotic stresses. Their abilities to enhance abiotic stress tolerance in transgenic plants, and their influence on plant development and yield, have been evaluated. However, most evaluation studies have been carried out in controlled greenhouse conditions and often do not sufficiently mimic stress conditions in real environments. Therefore, the main 'requirement of the moment' is to improve existing methods of yield evaluation under different stress regimes in controlled environments, and to assess successful transgenic plants in the field.
Genetically modified crops may be a powerful alternative to conventional breeding methods used to enhance the worldwide production of quality foods. Specifically, transgenics offers the potential to make more rapid and targeted genetic gains in abiotic stress tolerance. Unfortunately, there are multiple biosafety issues and public concerns surrounding the development of transgenic crop plants. Recently developed technologies around genome editing using engineered nucleases have made it possible to introduce different types of mutations in coding and regulatory regions of native genes without involving the introduction of foreign DNA, and may therefore be very useful in future biotechnological applications of DREB/CBF genes.
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